Evaluation of carcinogenicity is crucial for the assessment of chemical safety. However, standard carcinogenicity bioassays in which hundreds of rodent animals are administered test compounds over a prolonged period are time-consuming and costly. To identify early prediction marker molecules of hepatocarcinogenesis in rats, we previously reported that administration of carcinogens for 28 days induces expression changes in cell cycle-related molecules resulting in cell cycle arrest in many target organs ([@kfz027-B24]; [@kfz027-B45]; [@kfz027-B51]). Considering that cell cycle arrest is a typical feature of cellular senescence ([@kfz027-B7]), these study results suggest that chronic exposure to carcinogens may cause an increased number of liver cells to undergo cellular senescence.

Epigenetic alterations have been known to contribute to various biological phenomena. Without altering the DNA sequence itself, epigenetic alterations in the form of DNA methylation in concordance with chromatin-based modifications affect only the expression of targeted genes ([@kfz027-B49]). DNA methylation is one of the major epigenetic alterations and has been investigated extensively in normal development and in association with key processes of many diseases ([@kfz027-B6]; [@kfz027-B41]). CpG dinucleotides at high densities located primarily upstream of the coding region of genes are termed CpG islands (CGIs). CGI methylation directly prevents transcription factor binding and leads to changes in the chromatin structure, which limits promoter accessibility and causes gene silencing ([@kfz027-B39]). Importantly, the genomic methylation status can be inherited by daughter cells ([@kfz027-B16]). Furthermore, altered DNA methylation in the genome is found in almost all types of cancers and can lead to changes in gene expression, such as oncogene overexpression and silencing of tumor-suppressor genes to acquire further growth advantages in cancer development ([@kfz027-B20]). In our previous study, transmembrane protein 70, a mitochondrial protein involved in the biogenesis of mitochondrial adenosine triphosphate synthase, and ubiquitin-conjugating enzyme E2E 2, which plays a role in the ubiquitin proteasome pathway, were hypermethylated and downregulated after treatment for 28 days with the hepatocarcinogen thioacetamide (TAA) in the rat liver using CGI microarrays ([@kfz027-B32]). We clarified that downregulation of these molecules promotes rat hepatocarcinogenesis from the early stages, suggesting that hypermethylated and downregulated genes from the early stages of carcinogen treatment may become early detection markers of carcinogens.

We have previously reported that TAA and methapyrilene hydrochloride (MP), nongenotoxic hepatocarcinogens that facilitate cellular proliferation of liver cells by repeated administration in rats for up to 90 days, clearly facilitate cell cycle arrest during both the G~1~/S and G~2~/M phases and accompany the upregulation of *Tp53* and p21^WAF1/CIP1^ activation in liver cells ([@kfz027-B25]). In contrast, carbadox (CRB), a genotoxic hepatocarcinogen, slightly induced p21^WAF1/CIP1^ activation alone even after administration for up to 90 days ([@kfz027-B25]). These results indicate that the responding molecules related to cellular senescence may differ between genotoxic and nongenotoxic hepatocarcinogens.

This study was performed to search for early *in vivo* epigenetic markers for detection of nongenotoxic hepatocarcinogens, and we examined hypermethylated and downregulated genes specifically in the liver of rats treated with a nongenotoxic hepatocarcinogen for 28 days. For this purpose, we used carbon tetrachloride (CCl~4~) as a nongenotoxic hepatocarcinogen ([@kfz027-B2]; [@kfz027-B50]), and *N-*nitrosodiethylamine (DEN) as a genotoxic carcinogen (IARC Monographs on the Evaluation of Carcinogenic Risk of Chemicals to Humans, 1978; [@kfz027-B48]). We first applied genome-wide Methyl-Seq analysis combined with gene expression microarray analysis. To identify CCl~4~-specific genes, we excluded those responding to DEN from those responding to CCl~4~. Obtained genes were selected in terms of methylation status and transcript levels in response to genotoxic or nongenotoxic hepatocarcinogen exposure for up to 90 days, as well as immunohistochemical cellular distribution of the corresponding proteins in relation to hepatocellular proliferative lesions induced by these hepatocarcinogens. Finally, we examined the transcript levels of the candidate genes in the kidneys of rats treated with genotoxic or nongenotoxic renal carcinogens for 28 days.

MATERIALS AND METHODS
=====================

### Chemicals and Animals

CCl~4~ (CAS No. 56-23-5, purity: ≥ 99.5%), TAA (CAS No. 62-55-5, purity: ≥ 98%), CRB (CAS No. 6804-07-5, purity: ≥ 99%), 1-amino-2, 4-dibromoantraquinone (ADAQ; CAS No. 81-49-2, purity:≥ 97%), 1, 2, 3-trichloropropane (TCP; CAS No. 96-18-4, purity: ≥ 99%), ochratoxin A (OTA; purity: ≥ 98%), dimethyl sulfoxide (DMSO; purity: ≥ 99.5%) and corn oil were purchased from Fujifilm Wako Pure Chemical Corporation (Osaka, Japan). Aflatoxin B~1~ (AFB~1~; CAS No. 1162-65-8) was extracted from medial and mycelial fractions of cultivated *A. flavus* in M~1~ medium and purified by high-performance liquid chromatography (HPLC) as previously described ([@kfz027-B10]). According to the AOAC official method 970.44, the purity of aflatoxin B~1~ was calculated to be approximately 90% according to absorption peak ratios of ultraviolet measurements on methanol ([@kfz027-B1]). DEN (CAS No. 55-18-5, purity: ≥ 99%) and nitrofurantoin (NFT; CAS No. 67-20-9, purity: \> 98.0%) were obtained from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan), and *N*-nitrosopyrrolidine (NPYR; CAS No. 930-55-2, purity: ≥ 99%) and MP (CAS No. 135-23-9, purity: ≥ 98%) from Sigma-Aldrich Japan K.K. (Tokyo, Japan).

In all experiments, 5-week-old male F344/NSlc rats were purchased from Japan SLC, Inc. (Hamamatsu, Japan) and acclimatized to a basal diet (CRF-1; Oriental Yeast Co., Ltd., Tokyo, Japan) and tap water *ad libitum* for 1 week. They were housed in plastic cages with paper chip bedding in a barrier-maintained animal room on a 12-h light-dark cycle and conditioned at 23°C ± 2°C with a relative humidity of 55% ± 15%.

### Experimental Design

There were 3 animal experiments.

#### Experiment 1

In Experiment 1, animals were randomized into 3 groups of 10 animals per group and were untreated (untreated controls) or treated with DEN (4 mg/5 ml/kg body weight, dissolved in saline) or CCl~4~ (100 mg/5 ml/kg body weight, dissolved in corn oil) daily by gavage for 28 or 90 days. In CCl~4~ group, the initial dose was set at 100 mg/kg body weight daily by gavage. To examine whether the dose level of CCl~4~ at 100 mg/kg body weight is appropriate for 90-day repeated oral dose study, we conducted a preliminary 28-day repeated oral dose study using 5-week-old male rats (*n* = 5/group; data not shown). As a result, the CCl~4~-treated rats only showed transient decreases in food consumption and body weight at day 3 of treatment, and therefore, we judged that the dose level of CCl~4~ at 100 mg/kg body weight is appropriate for 90-day study. However, as 2 animals died and the general condition of the remaining animals worsened at day 80, the dose was reduced to 50 mg/kg body weight after 80 days from starting administration with CCl~4~. At day 84, 1 animal further died and the general condition of other animals worsened in CCl~4~ group, and therefore, it was judged to terminate the experiment at this time point. Animals of all groups were euthanized by exsanguination from the posterior vena cava and abdominal aorta under CO~2~/O~2~ anesthesia at the end of the 28- or 84-day treatment. The dose level of DEN and CCl~4~, even after the dose change of the latter compound, has shown to induce liver tumors in rats ([@kfz027-B43]; [@kfz027-B50]). Livers were removed, weighed, and cut into small pieces (approximately 30 mg/sample). All samples were immediately frozen in liquid nitrogen and stored at −80°C until analysis. In addition, liver slices (2 slices per animal, one from median lobe and another from left lateral lobe) were fixed in 4% (w/v) paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.4) overnight and processed for histopathological examinations.

#### Experiment 2

In Experiment 2, to verify gene regulation alteration and cellular distribution of molecules in preneoplastic lesions induced by other hepatocarcinogens, animals were repeatedly administrated with genotoxic hepatocarcinogens (AFB~1~, NPYR, or CRB) or nongenotoxic hepatocarcinogens (TAA or MP) for up to 90 days. Animals were randomized into 6 groups of 10 animals per group and were untreated (untreated controls) or treated with AFB~1~ (15 µg/0.5 ml/kg body weight, dissolved in DMSO) daily by gavage, NPYR (13 mg/5 ml/kg body weight, dissolved in saline) daily by gavage, CRB (300 ppm) in diet, TAA (400 ppm) in diet, MP (1000 ppm) in diet for 28 or 90 days. AFB~1~, NPYR, and CRB were selected as genotoxic hepatocarcinogens in rats and the dose level of each compound has shown to induce preneoplastic liver lesions after 5 or 13 weeks of treatment or neoplastic lesions after 10 months of treatment, respectively ([@kfz027-B23]; [@kfz027-B26]; [@kfz027-B40]). TAA and MP were selected as nongenotoxic hepatocarcinogens, and the dose level of each compound has shown to induce neoplastic liver lesions in the carcinogenicity bioassay ([@kfz027-B3]; [@kfz027-B34]).

All animals were euthanized in the same way to Experiment 1 at the end of 28- and 90-day treatment. The livers of all animals were immediately removed and weighed, and small portions of the liver tissue were cut into small pieces and frozen in liquid nitrogen and stored at --80°C until analysis. Additional liver slices (2 slices per animal) were fixed in 4% PFA in 0.1 M phosphate buffer (pH 7.4) in the same way to the Experiment 1.

#### Experiment 3

In Experiment 3, to verify gene regulation alteration by genotoxic or nongenotoxic renal carcinogens, animals were repeatedly administered test compounds for 28 days. After administration, the candidate genes selected from Experiment 1 were examined for transcript levels using real-time reverse-transcription (RT) PCR. As genotoxic renal carcinogens, NFT, ADAQ, and TCP were selected ([@kfz027-B35][@kfz027-B36][@kfz027-B37]), and OTA was selected as a nongenotoxic renal carcinogen ([@kfz027-B15]; [@kfz027-B38]). Animals were divided into 5 groups based on initial body weights of 10 animals per group and were untreated (untreated controls) or administered with NFT in diet, ADAQ (25 000 ppm) in diet, TCP (125 mg/5 ml/kg body weight, dissolved in corn oil) daily by gavage, OTA (210 µg/5 ml/kg body weight) daily by gavage for 28 days. OTA was dissolved in an appropriate volume of 0.1 M NaHCO~3~ solution (pH 8.22; Muto PureChemicals Co., Ltd., Tokyo, Japan) as a solvent by vigorous vortexing. In NFT group, the initial dose was set at 5000 ppm in the diet, because this dose level was twice higher than the renal carcinogenic dose (2500 ppm) and was not lethal in a 13-week repeated oral dose study ([@kfz027-B35]). However, as the general condition of the animals worsened, the dose was reduced to 4000 ppm after 9 days from starting administration and 3000 ppm after 14 days. The dose levels of NFT, ADAQ, TCP, and OTA, even after the dose change in case of NFT, have been shown to induce renal tumors in rats ([@kfz027-B35][@kfz027-B36][@kfz027-B37][@kfz027-B38]). The animals in each group were euthanized by exsanguination from the abdominal aorta under deep anesthesia with CO~2~/O~2~ and kidneys were removed. Half of the left and right kidneys were vertically sliced along the length of the center. Portions of the outer stripe of the outer medulla were collected using a biopsy punch (Ф 1.5 mm, Kai Industries Co., Ltd., Seki, Japan) and stored at −80°C until extraction.

All procedures of these animal experiments were conducted in compliance with the Guidelines for Proper Conduct of Animal Experiments (Science Council of Japan, 1 June 2006) and according to the protocol approved by the Animal Care and Use Committee of Tokyo University of Agriculture and Technology. All efforts were made to minimize animal suffering.

### DNA and RNA Extraction

For methylation analysis, genomic DNA (gDNA) was extracted from liver tissue of untreated controls, DEN and CCl~4~ group on day 28 in Experiment 1 with an Allprep DNA/RNA Mini Kit (Qiagen, Hilden, Germany). Extracted gDNA was used for Methyl-Seq analysis (*n* = 5/group, pooled as one sample) and quantitative methylation-specific PCR analysis (*n* = 5/group). For gene expression microarray analysis, total RNA from liver tissue samples of untreated controls, DEN and CCl~4~ group (n = 3/group) on days 28 and 84 in Experiment 1 was extracted using QIAzol (Qiagen) together with the RNeasy Mini Kit (Qiagen) according to the manufacturer's protocol. For transcript expression analysis of candidate genes, total RNA was extracted from tissue samples in Experiments 1--3 with an Allprep DNA/RNA Mini Kit. Extracted total RNA was used for real-time RT-PCR analysis (*n* = 6/group).

### Methyl-Seq Analysis

To identify DEN or CCl~4~-induced epigenetic changes on day 28 in Experiment 1, SureSelect Target Enrichment System (Rat Methyl-Seq; Agilent Technologies, Santa Clara, California) was implemented according to the manufacturer's protocol (SureSelectXT Methyl-Seq Target Enrichment System, version B.3, June 2015). Using the publicly available databases from the University of California Santa Cruz (UCSC) Genome Browser (<http://genome.ucsc.edu>), genomic coordinates for all known CGIs, shores and shelves in the rat genome were obtained. Briefly, 2 µg of gDNA from each animal was pooled from 5 animals of each group to prepare one sample. Each pooled gDNA sample was fragmented using a Covaris sonicator (Covaris, Woburn, Massachusetts). These fragments were end-repaired, 3'-adenylated, and further ligated with methylated primers. Following hybridization to biotinylated, plus-strand DNA-complementary RNA library "baits," precipitation from the solution using streptavidin-coated magnetic beads, and RNase-digestion of the "baits," captured DNA was bisulfite-converted using the EZ-DNA Methylation-Gold Kit (Zymo Research, Irvine, California). Subsequently, DNA samples were PCR-amplified using sample-specific indexed ("barcoding") primers to allow for multiplexing and sequenced by 100 bp paired-end sequencing by Illumina HiSeq2500 as described in the manufacturer's protocol. Three samples were loaded on each lane.

The adapter sequences and low-quality regions were trimmed by Cutadapt software version 1.1 (GitHub Inc., San Francisco, California) and Trimmomatic software version 0.32 (RWTH Aachen University, Aachen, Germany), respectively. Remaining reads after trimming were mapped to the Rattus norvegicus.rn6.fa (with GA, CT converted Index), which was produced by the Rat Genome Reference Consortium, using Bismark version 0.18.2 (Babraham Institute, Cambridgeshire, UK) with Bowtie 2 version 2.3.2 (Johns Hopkins University, Baltimore, Maryland). After running Bismark, PCR duplicates were removed from the mapped reads using the "deduplicate bismark" routine. Postalignment quality control was performed using Samtools version 1.3.1 (GitHub Inc.). The Default Bismark methylation extractor routine was used with the exception of paired-end, no-overlap, and minimum coverage of at least 1 read to extract all CpGs in individual samples. For the calculation of methylation ratio, detection of methylation candidate sites on the reference genome sequence and methylation ratio were performed using Bismark. Only cytosines with a minimal coverage of 10× and phred quality score of Q30 in the CpG context were analyzed. The metrics for the high-throughput sequencing of liver samples are shown in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}.

Genes showing CpG site hypermethylation up to 1000 bp upstream from the transcription start site were selected with the criterion of the methylation ratio of ≥ 30% in CCl~4~ sample as compared with untreated control, excluding the genes showing methylation ratio of \> 0% in DEN sample compared with untreated control.

### Gene Expression Microarray Analysis in Experiment 1

Gene expression analysis was conducted using Agilent Rat Oligo arrays with approximately 60 000 probes for known genes and expressed sequence tags (Agilent Technologies). For sample preparation and array processing, the Agilent protocol "One-Color Microarray-Based Gene Expression Analysis" was used. Briefly, the recommended volume of control RNAs (Agilent One-Color RNA Spike-In Kit) was added to 100 ng of total RNA from the each liver of untreated controls, DEN and CCl~4~ groups on day 28 and 84 (*n* = 3/group) in Experiment 1. Thereafter, Cy3-labeled cRNA was produced using the Agilent Low Input Quick Amp Labeling (1-color), purified with the RNeasy Mini Kit, fragmented using the In Situ Hybridization Kit (Agilent Technologies), and subjected to hybridization by incubation in a hybridization oven (Agilent Technologies). Hybridized slides were scanned (G2565CA scanner, Agilent Technologies), and data were obtained using Agilent Feature Extraction software version 11.7.1.1 with defaults for all parameters.

Microarray data analyses were performed using GeneSpring GX software version 14.5 (Agilent Technologies). Expression values of \<1 were substituted by 1, and 75th percentile normalization was performed using GeneSpring normalization algorithms. Reliability of each expression value was represented by a flag based on the default setting of GeneSpring (Detected, Compromised and Not Detected).

The entire data set has been deposited in National Center for Biotechnology Information Gene Expression Omnibus (GEO, <http://www.ncbi.nlm.nih.gov/geo/>) and is accessible through GEO Series accession number GSE123408.

### Methylation-Specific Quantitative PCR in Experiment 1

Thirty-eight genes that were selected in terms of the presence of commercially available antibodies for immunohistochemical analysis among those showing hypermethylation and downregulation specific to CCl~4~ group were subjected to methylation-specific quantitative PCR. Isolated gDNA from untreated controls, DEN and CCl~4~ groups on day 28 in Experiment 1 (*n* = 5/group) was sonicated using a Bioruptor (UCD-250; Cosmo Bio Co., Ltd., Tokyo, Japan). A part of the fragmented DNA was stored as an input (control) DNA at −20°C until use. The remaining mixture was incubated with MBD2/magnetic bead complexes and then eluted. The methylation-enriched DNA was purified using an EpiXplore Methylated DNA Enrichment kit (Clontech Laboratories, Mountain View, California). Input and methylation-enriched DNA samples were used as templates for quantitative measurement of methylation at target CpG sites by real-time PCR using Power SYBR Green PCR Master Mix (Thermo Fisher Scientific, Waltham, Massachusetts) and a StepOnePlus Real-time PCR System (Thermo Fisher Scientific). The PCR primers for the target gene CpG sites were designed using Methyl Primer Express software version 1.0 (Thermo Fisher Scientific) and Primer Express software version 3.0 ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}; Thermo Fisher Scientific). The Quantification was based on the comparative *C*~T~ method and involved a comparison of the *C*~T~ values of the IP DNA to the *C*~T~ values of the input DNA.

### Real-time RT-PCR Analysis in Experiments 1--3

Four genes, *Ldlrad4*, *Proc*, *Cdh17*, and *Nfia*, that were selected by confirming promoter-region hypermethylation for confirming transcript downregulation by real-time RT-PCR using the RNA samples (*n* = 6/group) isolated from the untreated controls and each treatment groups in Experiments 1--3. First-strand complementary DNA was synthesized from 2 µg of total RNA using SuperScript III Reverse Transcriptase (Thermo Fisher Scientific). Real-time PCR was performed using Power SYBR Green PCR Master Mix and StepOnePlus Real-Time PCR System (Thermo Fisher Scientific). PCR primers listed in [Supplementary Table 3](#sup1){ref-type="supplementary-material"} for target genes were designed using Primer Express version 3.0 (Thermo Fisher Scientific). Using the threshold cycle (*C*~T~) values of actin, beta (*Actb*) or hypoxanthine phosphoribosyltransferase 1 (*Hprt1*) in the same sample as the endogenous control, the relative differences in gene expression were calculated using the 2^−ΔΔ*C*^~T~ method ([@kfz027-B30]).

### Histopathology and Immunohistochemistry in Experiments 1 and 2

Liver slices in Experiments 1 and 2 (*n* = 10/group) were processed using a standard protocol for paraffin embedding and were serially sectioned to a thickness of 3 µm. Immunohistochemistry was performed by incubating liver tissue sections overnight at 4°C with primary antibodies against glutathione *S*-transferase placental form (GST-P), a preneoplastic liver cell lesion marker in rats ([@kfz027-B19]; [@kfz027-B42]; rabbit polyclonal antibody, 1:1000; Medical & Biological Laboratories, Nagoya, Japan), low-density lipoprotein receptor class A domain-containing protein 4 (LDLRAD4), also known as C18ORF1, a negative regulator of transforming growth factor (TGF)-β signaling ([@kfz027-B33]; rabbit polyclonal antibody, 1:100; Bioss Antibodies, Woburn, Massachusetts), vitamin K-dependent protein C precursor (PROC), a liver cell-derived regulator of blood coagulation ([@kfz027-B27]; rabbit polyclonal antibody, 1:100; Bioss Antibodies), cadherin-17 precursor (CDH17), a member of nonclassical cadherin family ([@kfz027-B22]; rabbit polyclonal antibody, 1:200; Bioss Antibodies), and nuclear factor 1 A-type (NFIA), a member of the nuclear factor I transcription factors ([@kfz027-B8]; rabbit polyclonal antibody, 1:2000; Novus Biologicals, LLC, Littleton, Colorado). To inhibit endogenous peroxidase, deparaffinized sections were incubated in 0.3% (v/v) hydrogen peroxide solution in absolute methanol for 30 min. Immunodetection was performed using a Vectastain Elite ABC Kit (Vector Laboratories Inc., Burlingame, California) with the primary antibodies and 3, 3′,diaminobenzidine/H~2~O~2~ as the chromogen. All immunostained slides were counterstained with hematoxylin and coverslipped for microscopic examination.

### Analysis of Immunolocalization in the Livers in Experiments 1 and 2

The number and area of GST-P^+^ liver cell foci \>200 μm in diameter in liver sections from Experiments 1 and 2 (*n* = 10/group) were measured according to the method and equipment as described previously ([@kfz027-B46]). In DEN and CCl~4~ groups on day 84 of Experiment 1, and AFB~1~, NPYR, TAA, and MP groups on day 90 of Experiment 2 (*n* = 10/group), the immunoreactivity of LDLRAD4, PROC, and CDH17 was classified as increased (+) or decreased (−) in the GST-P^+^ foci compared with the surrounding hepatocytes, and the incidence of LDLRAD4^−^, PROC^−^, and CDH17^−^ expression in total GST-P^+^ foci appeared in liver sections per animal was estimated. In DEN and CCl~4~ groups on day 84 of Experiment 1, and NPYR and TAA groups on day 90 of Experiment 2 (*n* = 10/group), ratio of nuclear NFIA^+^ cells to total liver cells was calculated for each of the inside and outside regions of GST-P^+^ foci in 10 randomly selected areas at a magnification of 400×.

### Statistical Analysis

In microarray analysis, statistically significant differences in gene expression between 2 groups were determined using Welch's *t* test. The expression levels of each gene were computed by the ratio of gene expression in DEN or CCl~4~ group to untreated controls. Significantly expressed genes were selected by following criterion: (1) significance level is 0.05 (*p* \< .05). Gene expression ratio is \> 1.50 or \< 0.67. Samples flagged with "Not Detected" from the 2 groups were not included. (2a) Significance level is 0.01. Gene expression ratio is \> 4. Samples in the exposure group flagged with "Not Detected" were not included, and one or more samples of untreated controls flagged with "Not Detected" flag of untreated controls were included. (2b) Significance level is 0.01. Gene expression ratio is \< 0.25. Samples in untreated controls flagged with "Not Detected" flag were not included, and one or more samples of the exposure group flagged with "Not Detected" flag were included.

Numerical data are presented as mean ± SD. For comparison of the numerical data between multiple groups, values were analyzed by the Bartlett's test for the homogeneity of variance. If there was no significant difference in variance, Dunnett's test was performed for comparison between the groups. If a significant difference was found in variance, Steel's test was performed. In case of the data that compare all pairs, such as the data of real-time RT-PCR and immunoreactive NFIA^+^ cells number in the inside and outside regions of GST-P^+^ foci, values were analyzed by the Bartlett's test for the homogeneity of variance. If there was no significant difference in variance, Tukey's test was performed for comparison among the groups. If a significant difference was found in variance, Steel-Dwass test was performed. In the case of numerical data consisting of 2 sample groups, data were assessed using *F*-test for homogeneity of variance. If the variance was homogenous between the groups, a Student's *t* test was applied for comparison, and if it was heterogeneous, the Aspin-Welch's *t* test was performed. With regard to categorical data, such as the incidence data of LDLRAD4^−^, PROC^−^, and CDH17^−^ foci in population of GST-P^+^ foci, Fisher's exact test was performed. All analyses were conducted using an Excel Statistics 2013 software package version 2.02 (Social Survey Research Information Co. Ltd., Tokyo, Japan), and *p* \< .05 was considered statistically significant.

RESULTS
=======

### Hypermethylated and Downregulated Genes Specific to CCl~4~ in Experiment 1
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![Venn diagram denoting 52 genes located at promoter region of gene sequence showing hypermethylation (methylation ratio ≥ 30%) and transcript downregulation specific to CCl~4~ group in comparison with untreated controls, after excluding hypermethylated (methylation ratio \> 0%) and downregulated genes in DEN group compared with untreated controls in Experiment 1.](kfz027f1){#kfz027-F1}

### Validation of Hypermethylation Status of Candidate Genes in Experiment 1

Among the 38 genes selected from the 52 genes in terms of the presence of commercially available antibodies for immunohistochemical analysis, methylation-specific quantitative PCR revealed that 4 genes, *Ldlrad4*, *Proc*, *Cdh17*, and *Nfia*, significantly increased in methylation status in CCl~4~ group compared with untreated controls on day 28, while these 4 genes displayed no significantly different changes in methylation status in DEN group on day 28 ([Figure 2](#kfz027-F2){ref-type="fig"}, [Supplementary Table 4](#sup1){ref-type="supplementary-material"}).

![Methylation-specific quantitative PCR data of selected 4 genes hypermethylated and downregulated specific to CCl~4~ group in the liver on day 28 in Experiment 1. Values represent mean + SD (*n* = 5). \**p* \< .05, \*\**p* \< .01, significantly different from untreated controls by Dunnett's or Steel's test. ^†^*p* \< .05, significantly different from untreated controls by Student's or Aspin-Welch's *t* test.](kfz027f2){#kfz027-F2}

### Transcript Expression Changes of Candidate Genes in Experiments 1 and 2

#### Experiment 1

Transcript levels of the candidate genes, *Ldlrad4*, *Proc*, *Cdh17*, and *Nfia* were determined by real-time RT-PCR in DEN and CCl~4~ groups on day 28 and 84 ([Figure 3](#kfz027-F3){ref-type="fig"}). On day 28, DEN group showed significantly decreased transcript levels of *Proc* and *Nfia* after normalization with *Actb* and *Hprt1* or *Actb*-alone compared with untreated controls. DEN group showed significantly increased transcript levels of *Ldlrad4* and *Cdh17* after normalization with *Actb* and *Hprt1* compared with untreated controls. CCl~4~ group showed significantly decreased transcript levels of all genes (*Ldlrad4*, *Proc*, *Cdh17*, and *Nfia*) after normalization with *Actb* and *Hprt1* or *Actb*-alone compared with untreated controls. When the transcript level was compared between DEN and CCl~4~ groups, CCl~4~ group significantly decreased transcript levels of *Ldlrad4*, *Proc*, and *Cdh17* after normalization with *Actb* and *Hprt1* or *Actb*-alone compared with DEN group. On day 84, DEN group showed significantly decreased transcript levels of all genes (*Ldlrad4*, *Proc*, *Cdh17*, and *Nfia*) after normalization with *Actb* and *Hprt1* or *Hprt1*-alone compared with untreated controls. CCl~4~ group showed significantly decreased transcript levels of all genes after normalization with *Actb* and *Hprt1* compared with untreated controls. When the transcript level was compared between DEN and CCl~4~ groups, CCl~4~ group significantly decreased transcript levels of *Proc*, *Cdh17*, and *Nfia* after normalization with *Actb* compared with DEN group.

![Data of real-time RT-PCR analysis of selected genes specifically responded to CCl~4~ group in the liver in Experiment 1. A, Day 28. B, Day 84. Values are normalized to *Actb* or *Hprt1* and expressed as the mean + SD (*n* = 6). \**p* \< .05, \*\**p* \< .01, significantly different from untreated controls by Tukey's or Steel-Dwass test. ^†^*p* \< .05, ^‡^*p* \< .01, significantly different from DEN group by Tukey's or Steel-Dwass test.](kfz027f3){#kfz027-F3}

#### Experiment 2

Transcript levels of the candidate genes, *Ldlrad4*, *Proc*, *Cdh17*, and *Nfia* were determined by real-time RT-PCR in groups of genotoxic hepatocarcinogens (AFB~1~, NPYR, and CRB) and nongenotoxic hepatocarcinogens (TAA and MP) on day 28 and 90 ([Figure 4](#kfz027-F4){ref-type="fig"}). On day 28, all genotoxic hepatocarcinogens showed significantly decreased transcript levels of *Proc* after normalization with *Actb* and *Hprt1* or *Hprt1*-alone compared with untreated controls. NPYR group showed significantly increased transcript levels of *Nfia* after normalization with *Actb* and *Hprt1* compared with untreated controls. Both of nongenotoxic hepatocarcinogens showed significantly decreased transcript levels of all genes (*Ldlrad4*, *Proc*, *Cdh17*, and *Nfia*) after normalization with *Actb* and *Hprt1* or *Actb*-alone compared with untreated controls. When the transcript level was compared between genotoxic and nongenotoxic hepatocarcinogens, TAA group showed significantly decreased transcript levels of all genes after normalization with *Actb* and *Hprt1* compared with all genotoxic hepatocarcinogens. MP group showed significantly decreased transcript levels of *Proc* and *Nfia* after normalization with *Actb* and *Hprt1* compared with all genotoxic hepatocarcinogens. MP group showed significantly decreased transcript levels of *Ldlrad4* after normalization with *Actb* and *Hprt1* compared with AFB~1~ and CRB groups. MP group showed significantly decreased transcript levels of *Cdh17* after normalization with *Actb* and *Hprt1* compared with NPYR and CRB groups.

![Data of real-time RT-PCR analysis of selected genes to examine specificity to nongenotoxic hepatocarcinogens in Experiment 2. A, Day 28. B, Day 90. Values are normalized to *Actb* or *Hprt1* and expressed as the mean + SD (*n* = 6). \**p* \< .05, \*\**p* \< .01, significantly different from untreated controls by Tukey's or Steel-Dwass test. ^†^*p* \< .05, ^‡^*p* \< .01, significantly different from AFB~1~ group by Tukey's or Steel-Dwass test. ^§^*p* \< .05, ^§§^*p* \< .01, significantly different from NPYR group by Tukey's or Steel-Dwass test. ^¶^*p* \< .05, ^¶¶^*p* \< .01, significantly different from CRB group by Tukey's or Steel-Dwass test.](kfz027f4){#kfz027-F4}

On day 90, all genotoxic hepatocarcinogens showed significantly decreased transcript levels of *Proc* after normalization with *Actb* and *Hprt1* or *Actb*-alone compared with untreated controls. AFB~1~ and NPYR groups showed significantly increased transcript levels of *Ldlrad4* and *Nfia* after normalization with *Actb* and *Hprt1* or *Hprt1*-alone compared with untreated controls. Both of nongenotoxic hepatocarcinogens showed significantly decreased transcript levels of *Ldlrad4*, *Proc*, and *Nfia* after normalization with *Actb* and *Hprt1* compared with untreated controls. TAA group showed significantly decreased transcript levels of *Cdh17* after normalization with *Actb* and *Hprt1* compared with untreated controls. When the transcript level was compared between genotoxic and nongenotoxic hepatocarcinogens, both of nongenotoxic hepatocarcinogens showed significantly decreased transcript levels of *Ldlrad4* and *Proc* after normalization with *Actb* and *Hprt1* or *Actb*-alone compared with all genotoxic hepatocarcinogens. TAA group showed significantly decreased transcript levels of *Cdh17* after normalization with *Actb* and *Hprt1* compared with all genotoxic hepatocarcinogens. TAA group showed significantly decreased transcript levels of *Nfia* after normalization with *Actb* and *Hprt1* compared with AFB~1~ and NPYR groups. MP group showed significantly decreased transcript levels of *Cdh17* after normalization with *Actb* and *Hprt1* or *Hprt1*-alone compared with AFB~1~ and NPYR groups. MP group showed significantly decreased transcript levels of *Nfia* after normalization with *Actb* and *Hprt1* compared with all genotoxic hepatocarcinogens.

### Measurement of Proliferative Lesions

In Experiments 1 and 2, there were no significant changes in the number and area of GST-P^+^ foci of all treatment groups compared with untreated controls after 28 days ([Supplementary Tables 5 and 6](#sup1){ref-type="supplementary-material"}). There were significantly more and larger GST-P^+^ foci compared with untreated controls after DEN, CCl~4~, AFB~1~, NPYR, TAA, and MP treatment for 84 or 90 days.

### Distribution of Immunolocalized Cells

In Experiments 1 and 2, LDLRAD4, PROC, and CDH17 showed cytoplasmic expression in nonproliferative and proliferative liver cells. In both of DEN and CCl~4~ groups, GST-P^+^ foci showed either increased or decreased expression of these molecules. In CCl~4~ group, population of GST-P^+^ foci downregulating expression of LDLRAD4, PROC, and CDH17 was increased and incidences of LDLRAD4^−^, PROC^−^, and CDH17^−^ foci in GST-P^+^ foci significantly increased compared with DEN group in Experiment 1 ([Figs. 5A and 5C](#kfz027-F5){ref-type="fig"}). In nongenotoxic hepatocarcinogens (TAA and MP), population of GST-P^+^ foci downregulating LDLRAD4 and PROC expression was increased and incidences of LDLRAD4^−^ and PROC^−^ foci in GST-P^+^ foci significantly increased compared with genotoxic hepatocarcinogens (AFB~1~ and NPYR) in Experiment 2 ([Figs. 6A and 6C](#kfz027-F6){ref-type="fig"}). On the other hand, population of GST-P^+^ foci downregulating CDH17 expression was observed in both genotoxic and nongenotoxic hepatocarcinogens, and there was no significant difference in incidence of CDH17^−^ foci in GST-P^+^ foci between genotoxic and nongenotoxic hepatocarcinogens in Experiment 2 ([Figs. 6A and 6C](#kfz027-F6){ref-type="fig"}).

![Immunohistochemical cellular distribution of LDLRAD4, PROC, CDH17, and NFIA in association with GST-P^+^ liver cell foci after treatment with DEN or CCl~4~ for 84 days in Experiment 1. A, Expression of LDLRAD4, PROC and CDH17 in GST-P^+^ foci in DEN and CCl~4~ groups (×10 objective). Bar = 100 µm. B, Expression of NFIA of inside (IN) or outside (OUT) of GST-P^+^ foci (×40 objective). Bar = 20 µm. C, Incidences of LDLRAD4^−^, PROC^−^, and CDH17^−^ foci in GST-P^+^ foci in DEN and CCl~4~ groups. Graphs show incidences (% value, mean + SD, *n* = 10) of negative foci of each molecule in GST-P^+^ foci in each group. \*\**p* \< .01, significantly different from DEN group by Fisher's exact test. D, Number of NFIA^+^ cells in IN or OUT of GST-P^+^ foci in DEN and CCl~4~ groups. Graph shows the number of NFIA^+^ cells (/100 cells) (value, mean + SD) IN or OUT of GST-P^+^ foci in each group. \*\**p* \< .01, significantly different from OUT of untreated controls by Tukey's or Steel-Dwass test. ^†^*p* \< .05, ^‡^*p* \< .01, significantly different from IN of GST-P^+^ foci in DEN group by Tukey's or Steel-Dwass test.](kfz027f5){#kfz027-F5}

![Immunohistochemical cellular distribution of LDLRAD4, PROC, CDH17, and NFIA in association with GST-P^+^ liver cell foci after treatment with genotoxic (AFB~1~ or NPYR) or nongenotoxic hepatocarcinogens (TAA or MP) for 90 days in Experiment 2. A, Representative images in the expression of LDLRAD4, PROC, and CDH17 in GST-P^+^ foci in NPYR and TAA groups (×20 objective). Bar = 50 µm. B, Expression of NFIA of inside (IN) or outside (OUT) of GST-P^+^ foci in NPYR and TAA groups (×40 objective). Bar = 20 µm. C, Incidences of LDLRAD4^−^, PROC^−^, and CDH17^−^ foci in GST-P^+^ foci in AFB~1~, NPYR, TAA and MP groups. Graphs show incidences (% value, mean + SD, *n* = 10) of negative foci of each molecule in GST-P^+^ foci in each group. \*\**p* \< .01, significantly different from AFB~1~ group by Fisher's exact test. ^‡^*p* \< .01, significantly different from NPYR group by Fisher's exact test. D, Number of NFIA^+^ cells in IN or OUT of GST-P^+^ foci in NPYR and TAA groups. Graphs show the number of NFIA^+^ cells (/100 cells) (value, mean + SD) IN or OUT of GST-P^+^ foci in each group.](kfz027f6){#kfz027-F6}

In Experiments 1 and 2, NFIA showed immunolocalization in the nucleus of liver cells. In Experiment 1, the number of NFIA^+^ cells significantly decreased in liver cells distributed outside the GST-P^+^ foci in both DEN and CCl~4~ groups compared with untreated controls. Liver cells of the outside of GST-P^+^ foci in DEN group and inside of GST-P^+^ foci in CCl~4~ group, significantly decreased the number of nuclear NFIA^+^ expression compared with those distributed inside of GST-P^+^ foci in DEN group in Experiment 1 ([Figs. 5B and 5D](#kfz027-F5){ref-type="fig"}). In Experiment 2, no significant difference was observed in the number of NFIA^+^ liver cells between NPYR and TAA groups ([Figs. 6B and 6D](#kfz027-F6){ref-type="fig"}).

### Transcript Expression Changes of Candidate Genes in Experiment 3

Transcript levels of the candidate genes, *Ldlrad4*, *Proc*, *Cdh17*, and *Nfia*, were determined by real-time RT-PCR in genotoxic renal carcinogens (NFT, ADAQ, and TCP) and nongenotoxic renal carcinogen (OTA) on day 28 of treatment ([Figure 7](#kfz027-F7){ref-type="fig"}). All genotoxic and nongenotoxic renal carcinogens showed significantly decreased transcript levels of *Proc* after normalization with *Actb* and *Hprt1* or *Hprt1*-alone compared with untreated controls. NFT and TCP groups showed significantly decreased transcript levels of *Ldlrad4* after normalization with *Actb* or *Hprt1* compared with untreated controls. NFT, TCP, and OTA groups showed significantly decreased transcript levels of *Nfia* after normalization with *Actb* or *Hprt1* compared with untreated controls. OTA group showed significantly increased transcript levels of *Cdh17* after normalization with *Actb* and *Hprt1* compared with untreated controls. When the transcript level was compared between genotoxic and nongenotoxic renal carcinogens, OTA group showed significantly decreased transcript levels of *Nfia* after normalization with *Hprt1* compared with TCP group. OTA group showed significantly increased transcript levels of *Ldlrad4* and *Proc* after normalization with *Actb* and *Hprt1* or *Actb*-alone compared with NFT and TCP groups. OTA group showed significantly increased transcript levels of *Cdh17* after normalization with *Actb* and *Hprt1* compared with all genotoxic renal carcinogens.

![Data of real-time RT-PCR analysis of selected genes in the kidney in Experiment 3. Values are normalized to *Actb* or *Hprt1* and expressed as the mean + SD (*n* = 6). \**p* \< .05, \*\**p* \< .01, significantly different from untreated controls by Tukey's or Steel-Dwass test. ^†^*p* \< .05, ^‡^*p* \< .01, significantly different from NFT group by Tukey's or Steel-Dwass test. ^§^*p* \< .05, significantly different from ADAQ group by Tukey's or Steel-Dwass test. ^¶^*p* \< .05, ^¶¶^*p* \< .01, significantly different from TCP group by Tukey's or Steel-Dwass test.](kfz027f7){#kfz027-F7}

DISCUSSION
==========

In this study, 52 genes were found to be hypermethylated and downregulated specific to CCl~4~ by Methyl-Seq analysis combined with expression microarray analysis in the liver of rats treated with CCl~4~ or DEN for 28 days by excluding the genes hypermethylated and downregulated with DEN. Among them, 4 genes, *Ldlrad4*, *Proc*, *Cdh17*, and *Nfia*, were confirmed to be hypermethylated specific to CCl~4~ by methylation-specific PCR analysis on day 28. Furthermore, transcript downregulation of all of these genes was confirmed in many nongenotoxic hepatocarcinogens by real-time RT-PCR analysis at all time points examined. In contrast, genotoxic hepatocarcinogens did not consistently decrease transcript levels of these genes at any time point. In addition, nongenotoxic hepatocarcinogens showed lower transcript levels of these genes compared with genotoxic hepatocarcinogens. Immunohistochemically, LDLRAD4 and PROC showed decreased immunoreactivity, forming negative foci, in GST-P^+^ foci, and incidences of LDLRAD4^−^ and PROC^−^ foci in GST-P^+^ foci induced by treatment with nongenotoxic hepatocarcinogens for 84 or 90 days were increased compared with those with genotoxic hepatocarcinogens. CDH17 also showed a lack of expression in GST-P^+^ foci; however, the incidence of CDH17^−^ foci in GST-P^+^ foci was high with both genotoxic and nongenotoxic hepatocarcinogens. With regard to NFIA, nuclear localization was found in the liver cells; however, temporal distribution of NFIA^+^ cells was not related to GST-P^+^ foci. None of the 4 genes responded to renal carcinogens after treatment for 28 days in rats. Thus, *Ldlrad4*, *Proc*, *Cdh17*, and *Nfia* may be potential *in vivo* epigenetic markers of nongenotoxic hepatocarcinogens from the early stages of treatment by means of transcript downregulation. LDLRAD4 and PROC may have a role in the development of preneoplastic lesions produced by nongenotoxic hepatocarcinogens.

*Ldlrad4*, a negative regulator of TGF-β signaling, plays a role in cell proliferation, differentiation, apoptosis, motility, extracellular matrix production, and immunosuppression ([@kfz027-B33]). It has been reported that LDLRAD4 promotes carcinogenesis of human hepatic cancer cells ([@kfz027-B29]). However, TGF-β signaling regulated by *Ldlrad4* has been considered as both a tumor-suppressor and a promoter of tumor progression ([@kfz027-B11]). In the process of liver cell carcinogenesis, overactivation of TGF-β signaling may contribute to tumor progression ([@kfz027-B14]). We have previously reported the role of TGF-β signaling in rat hepatocarcinogenesis using an initiation promotion model and nongenotoxic hepatocarcinogens as tumor promoters ([@kfz027-B18]). In that study, GST-P^+^ foci coexpressing TGF-β1, TGF-βR1, and phosphorylated and activated Smad3, a receptor-activated Smad (R-Smad), were increased by tumor promotion; however, Smad3 expression was localized only within the cytoplasm. Moreover, GST-P^+^ foci lacking Smad4 expression, a binding partner of R-Smad for nuclear translocation, were also increased by tumor promotion, suggesting an enhancement of disruptive TGF-β signaling during hepatocarcinogenesis. Therefore, our results may suggest that treatment with nongenotoxic hepatocarcinogens for 28 days induces epigenetic gene modification of *Ldlrad4* in liver cells, which triggers the disruptive activation of TGF-β signaling for cancer development.

With regard to the possibility of the involvement of *Ldlrad4* in cellular senescence, TGF-β induces the expression of p21^WAF1/CIP1^, a cyclin-dependent kinase inhibitor, by knockdown of *Ldlrad4* ([@kfz027-B33]). It has been reported that p21^WAF1/CIP1^ plays an essential role in cell cycle arrest initiated by p53 activation in cellular senescence ([@kfz027-B31]). Cellular senescent cells exist in premalignant tumors but not in malignant ones, suggesting that cellular senescence may help to restrict tumor progression ([@kfz027-B9]). We previously found that liver cell tumor promotion using TAA as a nongenotoxic hepatocarcinogen for 4 weeks increased p21^WAF1/CIP1+^ liver cell foci in a 2-stage hepatocarcinogenesis model. However, this phenomenon was found to be transient and liver cell foci negative for p21^WAF1/CIP1^ were increased after 8 weeks of TAA promotion ([@kfz027-B47]). This result may suggest disruption of cellular senescence during the early stage of hepatocarcinogenesis. Therefore, it may be possible that LDLRAD4 downregulation in nongenotoxic hepatocarcinogen-induced GST-P^+^ foci may play a role in the increase of cellular senescence-related molecules, such as p21^WAF1/CIP1^, during the early stage of hepatocarcinogenesis.

*Proc*, protein C encodes a vitamin K-dependent serine protease that regulates blood coagulation by inactivating factors Va and VIIIa in the presence of calcium ions and phospholipids ([@kfz027-B27]) and exerts a protective effect on the endothelial cell barrier function ([@kfz027-B12]). The cytoprotective activities of activated protein C (APC) possess antiinflammatory, antiapoptotic, and cytoprotective activities mediated through engagement of its receptor, endothelial protein C receptor (EPCR; [@kfz027-B5]; [@kfz027-B13]). In murine melanoma metastasis models, transgenic EPCR overexpressing mice exhibited marked reductions in liver and lung metastases compared with wild-type animals. These findings suggest a role of APC/EPCR pathway in reducing metastasis via inhibition of tumor cell adhesion and transmigration ([@kfz027-B4]). In addition, it is reported that APC induces enhanced expression of p21 ^WAF1/CIP1^ and p27 ^KIP1^ in rheumatoid synovial fibroblasts ([@kfz027-B21]). As aforementioned, p21^WAF1/CIP1+^ liver cell foci were increased after 4 weeks of TAA-promotion, and p21 ^WAF1/CIP1--^ liver cell foci were increased after 8 weeks of TAA-promotion ([@kfz027-B47]), suggesting that APC plays a role in the facilitation of cellular senescence in liver cells, and its downregulation directs liver cells to begin the carcinogenic process. In addition, it is also reported that APC downregulates tumor necrosis factor α-stimulated cell proliferation and activation of p38 mitogen-activated protein kinase (MAPK), c-Jun NH2-terminal kinase and AKT in rheumatoid synovial fibroblasts ([@kfz027-B21]). We previously found an increase of liver cell foci expressing AKT-signaling molecules and activated p38 MAPK by phosphorylation in a population of GST-P^+^ foci produced by promotion with nongenotoxic hepatocarcinogens ([@kfz027-B18]; [@kfz027-B46]). Therefore, our results may suggest that downregulation of *Proc* mRNA in liver cells by 28 days of nongenotoxic hepatocarcinogen treatment occurs through epigenetic gene modification that may inhibit the APC/EPCR pathway to downregulate p21 ^WAF1/CIP1^ and upregulate AKT-signaling molecules and activated p38 MAPK for preneoplastic liver cell proliferation.

In this study, downregulation of mRNA levels was observed with *Cdh17*, a member of the nonclassical cadherin family ([@kfz027-B22]) and *Nfia*, a member of the nuclear factor I transcription factors ([@kfz027-B8]), in the liver of rats repeatedly treated with nongenotoxic hepatocarcinogens compared with untreated controls and genotoxic hepatocarcinogens. CDH17 is reportedly downregulated in human pancreatic carcinoma ([@kfz027-B44]) and knockdown of CDH17 in BGC823, a human gastric carcinoma cell line, induced cell cycle arrest ([@kfz027-B28]). However, downregulation of CDH17 in GST-P^+^ foci was observed in all hepatocarcinogens without relation to genotoxic potential in this study. With regard to NFIA, copy number loss of *Nfia* has been reported in hepatocellular carcinoma, suggesting that NFIA has a tumor-suppressor role ([@kfz027-B8]). However, NFIA^+^ cells were distributed without temporal relation to GST-P^+^ foci produced by treatment with hepatocarcinogens in this study. These findings may suggest that *Cdh17* and *Nfia* play roles in creating a precarcinogenic environment in the early stages of treatment with nongenotoxic hepatocarcinogens. Of note, CDH17 may play another role in the hepatocarcinogenic process irrespective of the genotoxic potential of hepatocarcinogens.

In conclusion, we found 4 genes, ie, *Ldlrad4*, *Proc*, *Cdh17*, and *Nfia*, that show promoter-region hypermethylation and transcript downregulation in the liver after 28 days of CCl~4~ treatment in rats by excluding the genes hypermethylated and downregulated with DEN. Gene expression downregulation of *Ldlrad4*, *Proc*, *Cdh17*, and *Nfia*, and downregulation of LDLRAD4 and PROC in GST-P^+^ lesions were common among the nongenotoxic hepatocarcinogens examined. Thus, *Ldlrad4*, *Proc*, *Cdh17*, and *Nfia* may be potential *in vivo* epigenetic markers of nongenotoxic hepatocarcinogens from the early stages of treatment. LDLRAD4 and PROC may have a role in the development of preneoplastic lesions produced by nongenotoxic hepatocarcinogens.
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[^1]: Abbreviations: CCl~4~, carbon tetrachloride; CONT, untreated controls; DEN, *N*-nitrosodiethylamine.

[^2]: Values are fold change with the expression level in untreated controls set as 1.

[^3]: Abbreviations: *Afm*, Afamin; *Apoa5*, Apolipoprotein A5; *Bbox1*, Gamma-butyrobetaine hydroxylase 1; CCl~4~, carbon tetrachloride; *Cdh17*, cadherin 17; *Clk1*, CDC-like kinase 1; *Cmbl*, Carboxymethylenebutenolidase homolog; *Cpamd8*, C3 and PZP-like, alpha-2-macroglobulin domain containing 8; *Creb3l3*, cAMP responsive element binding protein 3-like 3; DEN, *N*-nitrosodiethylamine; *Depdc7*, DEP domain containing 7; *Eif4h*, eukaryotic translation initiation factor 4H; *Etnk2*, Ethanolamine kinase 2; *Fam3a*, Family with sequence similarity 3, member A; *Gulo*, Gulonolactone (L-) oxidase; *Hfe*, Homeostatic iron regulator; *Hibadh*, 3-hydroxyisobutyrate dehydrogenase; *Inhbc*, Inhibin subunit beta C; *Kctd6*, Potassium channel tetramerization domain containing 6; *Ldlrad4*, low-density lipoprotein receptor class A domain containing 4; *Lipc*, Lipase C, hepatic type; *Mphosph8*, M-phase phosphoprotein 8; *Ndufb6*, NADH: ubiquinone oxidoreductase subunit B6; *Nfia*, nuclear factor I/A; *Nr1h3*, Nuclear receptor subfamily 1, group H, member 3; *Pdzd3*, PDZ domain containing 3; *Pex16*, Peroxisomal biogenesis factor 16; *Pigu*, Phosphatidylinositol glycan anchor biosynthesis, class U; *Pklr*, Pyruvate kinase L/R; *Ppm1b*, Protein phosphatase, Mg2+/Mn2+ dependent, 1B; *Proc*, protein C, inactivator of coagulation factors Va and VIIIa; *Prss53*, Serine protease 53; *Rbbp9*, RB-binding protein 9, serine hydrolase; *Rcan1*, Regulator of calcineurin 1; *Scrn1*, Secernin 1; *Sec16b*, SEC16 homolog B, endoplasmic reticulum export factor; *Sema4g*, Semaphorin 4G; *Serpina11*, Serpin family A member 11; *Slc22a7*, Solute carrier family 22 member 7; *Slc25a16*, Solute carrier family 25 member 16; *Slc25a47*, Solute carrier family 25, member 47; *Slc27a5*, Solute carrier family 27 member 5; *Slc43a3*, Solute carrier family 43, member 3; *Snx24*, Sorting nexin 24; *Spp2*, Secreted phosphoprotein 2; *Taok3*, TAO kinase 3; *Tm6sf2*, Transmembrane 6 superfamily member 2; *Tsc22d3*, TSC22 domain family, member 3; *Ube2g1*, Ubiquitin-conjugating enzyme E2G 1; *Usp47*, Ubiquitin specific peptidase 47; *Zbtb39*, Zinc finger and BTB domain containing 39; *Zbtb7b*, Zinc finger and BTB domain containing 7B; *Zfp111*, Zinc finger protein 111; *Zfp523*, Zinc finger protein 523.

[^4]: *p* \< .05, \*\**p* \< .01, significantly different from untreated controls by Welch's *t* test.
